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Abstract
We investigate the relic abundance of asymmetric Dark Matter particles in quintessence
model with a kination phase. The analytic calculation of the asymmetric Dark Matter
in the standard cosmological scenario is extended to the nonstandard cosmological sce-
nario where we specifically discuss the quintessence model with a kination phase. We
found that the enhancement of Hubble rate changes the relic density of particles and
anti–particles. We use the present day Dark Matter abundance to constrain the Hubble
rate in quintessence model with a kination phase for asymmetric Dark Matter.
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1 Introduction
The cosmological and astrophysical observations showed that the universe contains large
amount of Dark Matter. The Dark Matter relic density is determined by Cosmic Microwave
Background (CMB) Anisotropy observations with the Wilkinson Microwave Anisotropy Probe
(WMAP) as [1],
ΩDMh
2 = 0.1109± 0.0056 , (1)
where ΩDM is the Dark Matter (DM) density in unit of the critical density, and h = 0.710 ±
0.025 is the Hubble constant in units of 100 km sec−1 Mpc−1.
The nature of the Dark Matter is still a challenging questions for scientists though we have
a precise measurement of Dark Matter amount. So far, many Dark Matter candidate particles
have been proposed beyond the Standard Model (SM). Among them neutral, long–lived or
stable weakly interacting massive particles (WIMP) are considered excellent candidates for
Dark Matter. Neutralino is one of the most promising candidate for Dark Matter which
appears in supersymmetric standard model, neutralino is stabilized due to the conserved R–
parity [2]. Neutralino is Majorana particle for which its particle and anti-particle are the
same. However this is only one possibility. Most of the known elementary particles in the
universe indeed are not Majorana particles, the particles and anti–particles are distinct if we
consider fermionic particles. There is one option that assumes the Dark Matter particles can
be Dirac particles. The average density of baryons and Dark Matter is comparable. This
motivates to consider Dark Matter can be asymmetric particles [3, 4]. [5, 6] investigated the
relic abundance of asymmetric Dark Matter particles in the standard cosmological scenario
in which particles were in thermal equilibrium in the early universe and decoupled when they
were non–relativistic.
On the other hand, the Dark Matter relic density is changed by the modified expansion
rate of the universe. The reason for that might be the additional contributions to the total
energy density from quintessence model [7], anisotropic expansion [8], a modification of general
relativity [8, 9] and etc. In paper by Salati [7], it was shown that the relic density of Dark
Matter is increased when the expansion rate of the universe is changed in the quintessence
model. There is no discussion about the asymmetric Dark Matter relic density in nonstandard
cosmological scenarios including quintessence model until now. It deserves to investigate the
relic density of asymmetric Dark Matter in the nonstandard cosmological scenarios and find
to what extent the asymmetric Dark Matter relic density is affected by the modification of
the Hubble rate.
In this paper, we extend the discussion about the relic density of asymmetric WIMP
Dark Matter in the standard cosmological scenario to the nonstandard cosmological scenario,
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specifically we examine the asymmetric WIMP Dark Matter relic density in quintessence model
with a kination phase. We assume that the Dark Matter asymmetry is created before Dark
Matter annihilation reactions freeze–out. In the beginning we assume there are more particles
than the anti–particles. We find that the enhanced Hubble rate in quintessence model changes
the relic density of both particles and anti–particles. We closely follow the analytic solution of
asymmetric Dark Matter in standard cosmological scenario and derived the analytic solution
of the relic density of asymmetric Dark Matter in quintessence model.
This paper is arranged as follows. In section 2, we review the relic density of asymmetric
Dark Matter in the standard cosmological scenario. In section 3, the relic density of asym-
metric Dark Matter in quintessence model with a kination phase is discussed. In section 4, we
constrained the expansion rate in quintessence model with a kination phase using the observed
Dark Matter abundance. The last section is devoted to the conclusions and discussions.
2 Relic Abundance of Asymmetric Dark Matter in the
Standard Cosmological Scenario
In this section, we review the relic abundance of asymmetric Dark Matter in the standard
cosmological scenario which assumes particles were in thermal equilibrium in the early universe
and decoupled when they were non–relativistic [5]. χ is denoted as a Dark Matter particle that
is not self–conjugate, i.e. the anti–particle χ¯ 6= χ. Time evolutions of the number densities nχ,
nχ¯ in the expanding universe are described by the Boltzmann equations. Solving Boltzmann
equations, we obtain the relic densities of χ and χ¯ particles. It is assumed that only χχ¯
pairs can annihilate into Standard Model (SM) particles, while χχ and χ¯χ¯ pairs can not, the
Boltzmann equations are:
dnχ
dt
+ 3Hnχ = −〈σv〉(nχnχ¯ − nχ,eqnχ¯,eq) ;
dnχ¯
dt
+ 3Hnχ¯ = −〈σv〉(nχnχ¯ − nχ,eqnχ¯,eq) , (2)
where 〈σv〉 is the thermally averaged annihilation cross section multiplied with the relative
velocity of the two annihilating χ, χ¯ particles. H = R˙/R is the expansion rate of the universe,
where R is the scale factor of the universe. nχ,eq, nχ¯,eq are the equilibrium number densities
of χ and χ¯, here it is assumed the Dark Matter particles were non–relativistic at decoupling.
Then the equilibrium number densities nχ,eq and nχ¯,eq are
nχ,eq = gχ
(
mχT
2pi
)3/2
e(−mχ+µχ)/T ,
nχ¯,eq = gχ
(
mχT
2pi
)3/2
e(−mχ−µχ¯)/T , (3)
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where mχ is the mass of the Dark Matter particle χ and χ¯, and gχ is the number of the internal
degrees of freedom of the χ and χ¯ separately. µχ, µχ¯ are the chemical potential of the particles
and anti–particles, µχ¯ = −µχ in equilibrium.
At high temperature χ and χ¯ particles are in thermal equilibrium in the early universe.
When T < mχ, for mχ > |µχ|, the number densities nχ,eq and nχ¯,eq decrease exponentially.
Finally the interaction rates Γ = nχ〈σv〉 and Γ¯ = nχ¯〈σv〉 drop below H . χ and χ¯ particles
are then no longer kept in chemical equilibrium, and their co–moving number densities are
fixed. The temperature at which the WIMPs drop out of chemical equilibrium is called the
freeze–out temperature.
For convenient, the Boltzmann equations (2) can be rewritten in terms of the dimensionless
quantities Yχ = nχ/s, Yχ¯ = nχ¯/s, and x = mχ/T . The entropy density is given by s =
(2pi2/45)g∗sT
3, where
g∗s =
∑
i=bosons
gi
(
Ti
T
)3
+
7
8
∑
i=fermions
gi
(
Ti
T
)3
. (4)
Here gi is equivalent to gχ, Ti is the temperature of species i. During the radiation–dominated
epoch, the expansion rate H is given by
H =
piT 2
MPl
√
g∗
90
, (5)
with MPl = 2.4× 1018 GeV being the reduced Planck mass and
g∗ =
∑
i=bosons
gi
(
Ti
T
)4
+
7
8
∑
i=fermions
gi
(
Ti
T
)4
. (6)
It is assumed that the universe expands adiabatically during this period, then the Boltzmann
equations (2) become
dYχ
dx
= −λ〈σv〉
x2
(Yχ Yχ¯ − Yχ,eq Yχ¯,eq) ; (7)
dYχ¯
dx
= −λ〈σv〉
x2
(Yχ Yχ¯ − Yχ,eq Yχ¯,eq) , (8)
where
λ = 1.32mχMPl
√
g∗ . (9)
Here we assume g∗ ≃ g∗s and dg∗/dx ≃ 0.
Subtracting Eq.(7) from Eq.(8),
dYχ
dx
− dYχ¯
dx
= 0 . (10)
This indicate
Yχ − Yχ¯ = C , (11)
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where C is a constant, the difference of the co–moving densities of the particles and anti–
particles is conserved. Expressing Eqs.(7) and (8) using Eq.(11), the Boltzmann equations
become
dYχ
dx
= −λ〈σv〉
x2
(Y 2χ − CYχ − P ) ; (12)
dYχ¯
dx
= −λ〈σv〉
x2
(Y 2χ¯ + CYχ¯ − P ) , (13)
where
P = Yχ,eqYχ¯,eq = (0.145gχ/g∗)
2 x3 e−2x . (14)
Usually the WIMP annihilation cross section can be expanded in the relative velocity v
between the annihilating WIMPs. Its thermal average is given by
〈σv〉 = a + 6 bx−1 +O(x−2) . (15)
Here a is s–wave contribution to σv while b = 0, and b is p–wave contribution to σv while
a = 0.
In the standard cosmological scenario, the following approximate formulae are obtained
for the relic abundances of particles and anti–particles:
Yχ(x→∞) = C
1− exp [−1.32C mχMPl√g∗ (ax−1F + 3bx−2F )] , (16)
Yχ¯(x→∞) = C
exp
[
1.32CmχMPl
√
g∗ (a x¯
−1
F + 3b x¯
−2
F )
]− 1 , (17)
where we have used Eq.(9). xF and x¯F are the inverse scaled freeze–out temperatures of χ and
χ¯. Eqs.(16) and (17) are only consistent with the constraint (11) if xF = x¯F . For convenience,
the final abundance is expressed as
Ωχh
2 =
mχs0Yχ(x→∞)h2
ρcrit
, (18)
where s0 = 2.9 × 103 cm−3 is the present entropy density, and ρcrit = 3M2PlH20 is the present
critical density. The corresponding prediction for the present relic density for Dark Matter is
given by
ΩDMh
2 = 2.76× 108 mχ [Yχ (x→∞) + Yχ¯ (x→∞)]GeV−1 . (19)
We defer further discussions of this expression to Sec.3 where the asymmetric Dark Matter
relic density in the quintessence model with a kination phase is analyzed.
4
3 Relic Abundance of WIMPs in Quintessence
Before going to the discussion of the relic density in quintessence model with a kination phase,
let us briefly review the model. A kination is a period in which the kinetic energy of a scalar
field ρφ ≃ φ˙2/2 dominates over the potential energy density V (φ) and the radiation energy
density ρrad . A kination phase is appeared in quintessence models based on tracking solutions
for the scalar field [7]. The overall energy density decreases as ρtot ≃ φ˙2/2 ∼ R−6. T ∼ R−1,
thus H2 ∼ ρtot ∼ T 6. It means H decreases faster as T decreases or H decreases faster as the
scale factor R increases. The ratio of the expansion rate H during kination period and the
expansion rate of the standard case Hstd is given by:
H2
H2std
= 1 +
ρφ
ρr
, (20)
where the ratio of the scalar energy density to the radiation energy density ρφ/ρr is [7]
ρφ
ρr
= η
[
g∗s(T )
g∗s(T0)
]2
g∗(T0)
g∗(T )
(
T
T0
)2
≃ η
(
T
T0
)2
, (21)
where η = ρφ(T0)/ρr(T0). Here T0 is some reference temperature which is close to the freeze–
out temperature. The approximation of the above equation only holds in a range of tempera-
tures where g∗s and g∗ do not change sizably with respect to their value at T0. We can rewrite
Eq.(20) as
H = A(T )Hstd, (22)
where the enhancement function A(T ) is
A(T ) =
√
1 + η
(
T
T0
)2
. (23)
In order not to spoil the successful prediction of Big Bang Nucleosynthesis BBN, A(T ) must
return to 1 at the low temperature around 1 MeV. With the modified expansion rate, the
Boltzmann Eqs.(12), ( 13 ) become
dYχ
dx
= − λ〈σv〉
x2A(x)
(Y 2χ − CYχ − P ) ; (24)
dYχ¯
dx
= − λ〈σv〉
x2A(x)
(Y 2χ¯ + CYχ¯ − P ) . (25)
Fig.1 is obtained by the numerical solutions of Eqs.(24), (25) for the different values of the
enhancement factor η with different asymmetry factor C. The solid (red) line is the equilibrium
value of the anti–particle abundance. The double dotted (black) line is for the anti–particle
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Figure 1: The relic abundances Yχ and Yχ¯ for particle χ and anti–particle χ¯ as a function of the inverse–scaled
temperature for η = 10 (a), (c) and η = 1000 (b), (d). Here we take a = 5.0× 10−9 GeV−2 = 5.9× 10−26 cm3
s−1, b = 0, m = 100 GeV, x0 = 20, C = 10
−11 for (a) and (b), C = 10−12 for (c) and (d)
abundance and the dashed (green) line is for particle abundance in the standard scenario
(η = 0). The dot–dashed (red) line is for the abundance of anti–particle and dotted (blue)
line is for abundance of particle for η = 10 left (a), (c) frames and η = 1000 right (b), (d)
frames. In [10, 11, 12], the authors found the constraints for η as η < 106 for the WIMPs
mass mχ < 1 TeV. We discuss the asymmetric WIMPs mass mχ < 1 TeV. Therefore, we take
η = 10 and η = 1000 for examples. Here we take C = 10−11, for (a), (b) and C = 10−12 for
(c), (d), mχ = 100 GeV, a = 5.0 × 10−9 GeV−2 = 5.9 × 10−26 cm3 s−1, b = 0, gχ = 2 and
g∗ = 90, x0 = 20, where x0 = m/T0.
The relic abundances Yχ and Yχ¯ for particle χ and anti–particle χ¯ are increased in Fig.1
(a), (c) frames for η = 10 and (b), (d) frames for η = 1000. The expansion rate is enhanced in
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quintessence model with a kination phase. The particles and anti–particles freeze–out earlier
than the standard case. This leads to the increases of particle and anti–particle abundances.
As we noted in introduction, we assume there are more particles than the anti–particles. For
smaller η (η = 10, (a), (c) left frames), the relic abundances for particles and anti–particles
are not affected too much. When η is large (η = 1000, (b), (d) right frames), the relic
abundances for particles and anti–particles are increased significantly. In frames (a), (b), the
relic abundance of anti–particle seems to be increased more sizably than the particle relic
abundance for the asymmetry factor C = 10−11. In fact there are same increases for particle
and anti–particle relic abundances. The reason is the following: let’s closely look at the left
(a) frame of Fig.1. The anti–particle relic abundance Yχ¯ is 8.0×10−14 for η = 0. It is increased
to 8.0 × 10−13 for η = 10. It is one order increase. According to Eq.(11), Yχ = Yχ¯ + C, here
C = 10−11. Thus the particle χ abundance is increased almost 10% for η = 10. This is only
small deviation. On the other hand, when the asymmetry factor C is small (C = 10−12), the
increases for particles and anti–particles are comparable which are shown in frames (c) and
(d) in Fig.1.
Following [5], we obtain the analytic solution of the relic density for asymmetric Dark
Matter in quintessence model with a kination phase. First, we solve Eq.(25) for χ¯ density, then
χ density can be computed trivially using Eq.(11). We introduce the quantity ∆χ¯ = Yχ¯−Yχ¯,eq.
In terms of ∆χ¯, the Boltzmann equation (25) can be rewritten as:
d∆χ¯
dx
= −dYχ¯,eq
dx
− λ〈σv〉
x2A(x)
[∆χ¯(∆χ¯ + 2Yχ¯,eq) + C∆χ¯] . (26)
The solution of this equation can be considered in two regimes. At sufficiently high tempera-
ture, Yχ¯ tracks its equilibrium value Yχ¯,eq very closely. In that regime ∆χ¯ is small, and d∆χ¯/dx
and ∆2χ¯ are negligible. The Boltzmann equation (26) then becomes
dYχ¯,eq
dx
= − λ〈σv〉
x2A(x)
(2∆χ¯Yχ¯,eq + C∆χ¯) . (27)
We need an explicit expression for the equilibrium density Yχ¯,eq(x) to solve Eq.(27). The
right–hand sides of the Boltzmann equations (7) and (8) vanish in equilibrium by definition.
Hence the right–hand side of Eq.(25) should vanish as well for Yχ¯ = Yχ¯,eq, which implies
Y 2χ¯,eq + CYχ¯,eq − P = 0 . (28)
There are two solutions for the quadratic equation, only one of them yields a positive χ¯
equilibrium density:
Yχ¯,eq = −C
2
+
√
C2
4
+ P . (29)
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Eq.(29) is inserted into Eq.(27) and ignoring x relative to x2, we have
∆χ¯ ≃ 2x
2A(x)P
λ〈σv〉 (C2 + 4P ) . (30)
We will use this solution to determine the freeze–out temperature x¯F for χ¯.
When the temperature is sufficiently low, i.e. for x > x¯F , the production term ∝ Yχ¯,eq can
be ignored in the Boltzmann equation (26), so that
d∆χ¯
dx
= − λ〈σv〉
x2A(x)
(
∆2χ¯ + C∆χ¯
)
. (31)
Integrating Eq.(31) from x¯F to ∞ and assuming ∆χ(x¯F )≫ ∆χ(∞), we have
Yχ¯(x→∞) = C
exp
[
1.32C mχMPl
√
g∗ I(x¯F )
]− 1 , (32)
here
I(x¯F ) =
∫ ∞
x¯F
〈σv〉
x2 A(x)
dx (33)
=
a√
η x0
ln
(
√
η
x0
x¯F
+
√
1 + η
x20
x¯2F
)
+
6b
ηx20
(√
1 + η
x20
x¯2F
− 1
)
. (34)
Using equation (11), we obtain the relic abundance for χ particle. The result is
Yχ(x→∞) = C
1− exp [−1.32C mχMPl√g∗ I(xF )] , (35)
where I(xF ) is given by
I(xF ) =
∫ ∞
xF
〈σv〉
x2 A(x)
dx (36)
=
a√
η x0
ln
(
√
η
x0
xF
+
√
1 + η
x20
x2F
)
+
6b
ηx20
(√
1 + η
x20
x2F
− 1
)
. (37)
Here Eqs.(32) and (35) are only consistent with the constraint (11) if xF = x¯F . The prediction
for the present relic density for Dark Matter is then given by
ΩDMh
2 =
2.76× 108 mχ C
exp
[
1.32CmχMPl
√
g∗ I(x¯F )
]− 1 + 2.76× 10
8 mχ C
1− exp [−1.32C mχMPl√g∗ I(xF )] . (38)
When A(x) = 1, the standard result for asymmetric Dark Matter is recovered. The freeze–out
temperature for χ¯ is fixed by assuming that freeze–out occurs when the deviation ∆χ¯ is of the
same order of the equilibrium value of Yχ¯:
ξYχ¯,eq(x¯F0) = ∆χ¯(x¯F0) , (39)
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where ξ is a numerical constant of order unity, ξ =
√
2 − 1 [13]. x¯F0 is the freeze–out tem-
perature which is calculated from Eq.(39) using the standard approximation. We found the
standard treatment under–predicts the χ¯ relic density. Therefore, the correction is made for
the freeze–out temperature as following:
x¯F = x¯F0
[
1 +
λC
A(x¯F0)
(
0.285a
x¯3F0
+
1.350b
x¯4F0
)]
. (40)
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Figure 2: The ratio of the exact value of the χ¯ particle abundance to the analytic value of χ¯ particle
abundance for η = 10 (a) b = 0 and (b) a = 0, x0 = 20.
The ratio of the exact value of the χ¯ particle abundance to our analytical approxima-
tion is plotted in Fig.2 for quintessence model with a kination phase. For λCa/x2F <∼ 1.5 (
λCb/x3F <∼ 0.3 ), the approximate analytic result matches the exact numerical result very well,
our approximation reproduces the exact numerical solution to better than 3% (2%) for η = 10.
4 Constraints on Parameter Space
The Dark Matter density is derived as in Eq.(1) by WMAP team using the CMB data for the
minimal ΛCDM model. We use this result to find the constraints on the enhancement factor η
in the quintessence model with a kination phase. We use the following range for Dark Matter
relic density,
0.10 < ΩDMh
2 < 0.12 (41)
The total Dark Matter density should be the addition of the particle χ and anti–particle χ¯
contributions:
ΩDM = Ωχ + Ωχ¯ . (42)
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Figure 3: The allowed region in the (a, η) plane for b = 0, when the Dark Matter density Ωh2 lies between
0.10 and 0.12. Here we take mχ = 100 GeV, gχ = 2 and g∗ = 90, x0 = 20; C = 3.5 × 10−13 for (a) and
C = 3.5× 10−12 for (b). The two vertical lines 6.0× 10−26 cm3 s−1= 5.2× 10−9 GeV−2 and 8.8× 10−25 cm3
s−1= 7.6 × 10−8 GeV−2 are the upper limits for the cross sections for mass 100 GeV from the Fermi-LAT
collaboration [14].
Fig.3 shows the relation between the s–wave annihilation cross section parameter a and
the enhancement factor η for two values of the total Dark Matter density. This figure is based
on the exact numerical solutions of Boltzmann equations (24), (25). We use the annihilation
cross section which is given by Eq.(15). Here we take mχ = 100 GeV, gχ = 2 and g∗ = 90,
x0 = 20; C = 3.5 × 10−13 for (a) and C = 3.5 × 10−12 for (b). We choose such values for
asymmetry factor C which are in the range of the values to obtain the observed Dark Matter
abundance [5].
In [10, 11, 12], the authors found that the maximal density enhancement compatible with
BBN bounds is of the order of 106 (for WIMP mass smaller than 1 TeV). In our work we
used the observed Dark Matter abundance and derived constraints on η when the asymmetry
factor C is fixed. In the left frame of Fig.3, for small asymmetry factor C = 3.5 × 10−13, it
is shown that for the values of s–wave annihilation cross sections from a = 3.6× 10−9 GeV−2
to a = 1.0 × 10−7 GeV−2, the observed Dark Matter abundance is obtained for the range
of η from 5.0 × 10−2 to 3.8 × 104. In the right frame of Fig.3, for the asymmetry factor
C = 3.5× 10−12, one needs the s–wave annihilation cross sections from a = 4.8× 10−9 GeV−2
to a = 1.0× 10−7 GeV−2 in the range of η from 5.0× 10−2 to 1.5× 104 to obtain the observed
Dark Matter abundance. The annihilation cross section constraints are in the range of the
limit which are given by Fermi-LAT collaboration [14]. Fermi-LAT collaboration [14] gives
the upper limit on the cross section from about 10−26 cm3 s−1= 8.6× 10−10 GeV−2 at 5 GeV
to about 5× 10−23 cm3 s−1 = 4.3× 10−6 GeV−2 at 1 TeV. For mχ = 100 GeV, the limit from
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Figure 4: The allowed region in the (η, C) plane for a = 5 × 10−8 GeV−2, b = 0, when the Dark Matter
density Ωh2 lies between 0.10 and 0.12. Here we take mχ = 100 GeV, gχ = 2 and g∗ = 90, x0 = 20.
Fermi-LAT collaboration [14] is 6.0 × 10−26 cm3 s−1= 5.2 × 10−9 GeV−2 to 8.8 × 10−25 cm3
s−1= 7.6× 10−8 GeV−2.
Fig.4 shows the allowed region in the (η, C) plane for a = 5×10−8 GeV−2, b = 0, when the
Dark Matter density ΩDMh
2 lies between 0.10 and 0.12. Here we take mχ = 100 GeV, gχ = 2
and g∗ = 90, x0 = 20. When the asymmetry factor C ranges from C = 0 to C = 3.6× 10−12,
η should be around η = 7.5 × 102 to η = 8.0 × 103 to obtain the observed Dark Matter relic
density. η is not sensitive to the asymmetry factor in this case. In contrast for asymmetry
factor which ranges from C = 3.6× 10−12 to C = 4.3× 10−12, η is from η = 1 to η = 7.5× 102
to obtain the observed Dark Matter abundance.
5 Summary and Conclusions
In this paper we investigated the relic abundance of asymmetric WIMP Dark Matter in
quintessence model with a kination phase. The Dark Matter particles and anti–particles
are distinct in the asymmetric Dark Matter Scenario. We assume the asymmetry starts well
before the epoch of thermal decoupling of the WIMPs. In quintessence model with a kination
phase, the asymmetric Dark Matter particles freeze–out earlier than the standard case due
to the enhanced Hubble rate. This leads to the increase of the relic density of asymmetric
Dark Matter particles. We treat the enhancement factor η and asymmetry factor C as free
parameters in our work.
The discussion of the relic density of asymmetric Dark Matter in the standard cosmological
scenario which assumes the particles were in thermal equilibrium in the early universe and
decoupled when they were non–relativistic has been done in paper [5, 6]. In our work, we
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extend it to the nonstandard cosmological scenario where the Hubble rate of the universe is
changed in quintessence model. We investigated the relic density of asymmetric WIMP Dark
Matter in this model. Using the observed Dark Matter abundance, we find the constraints on
the enhancement factor η assuming the asymmetry factor C is fixed.
We found that the relic densities of both particles and anti–particles are increased in
quintessence model with a kination phase. The size of the increase depends on the enhance-
ment factor η. For the large enhancement factor η, the increases are more sizable than the
smaller enhancement factor η.
For the range of cross section a = 3.6×10−9 GeV−2 to a = 1.0×10−7 GeV−2, one needs the
enhancement factor η from 5.0× 10−2 to 3.8× 104 for C = 3.5× 10−13 to obtain the observed
relic density of asymmetric Dark Matter. When C = 3.5 × 10−12, the observed Dark Matter
abundance is obtained for the enhancement factor η from 5.0× 10−2 to 1.5× 104 for the cross
sections from a = 4.8× 10−9 GeV−2 to a = 1.0× 10−7 GeV−2.
Our result is important to understand the relic abundance of asymmetric Dark Matter in
the early universe before Big Bang Nucleosynthesis starts. From the observation we can also
have constraints on the parameter space for nonstandard cosmological model in asymmetric
Dark Matter case. In quintessence model with a kination phase, the abundance of Dark matter
and anti–Dark Matter particles are increased.
Note added: as we were revising this manuscript, [15] was appeared, in which the asym-
metric dark matter relic density is discussed in nonstandard cosmological scenarios including
quintessence model with a kination phase and scalar–tensor model. While the general ideas
are similar, the details of the treatment are different, in our work we only concentrated on the
quintessence model with a kination phase. For the kination model, our results are in general
agreement with theirs.
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